Introduction
============

Type 2 diabetes mellitus (T2DM) accounts for \~90% of all DM cases ([@b1-ijmm-43-01-0345]), a global epidemic posing a serious health burden to society ([@b2-ijmm-43-01-0345]). Insulin resistance is the primary cause of T2DM, and has therefore become the primary target of T2DM treatment ([@b3-ijmm-43-01-0345],[@b4-ijmm-43-01-0345]). It is well known that the liver is the primary glycogen storage site and serves a central role in glucose homeostasis ([@b5-ijmm-43-01-0345],[@b6-ijmm-43-01-0345]). Once glucose homeostasis is disrupted, additional insulin is secreted to control the elevated glucose levels, further promoting insulin resistance ([@b7-ijmm-43-01-0345]). However, the cellular and molecular mechanisms responsible for hepatic insulin resistance are not yet known.

Long noncoding RNAs (lncRNAs) are commonly defined as non-protein-coding RNA transcripts measuring \>200 nucleotides ([@b8-ijmm-43-01-0345]). Previous studies have indicated that lncRNAs are involved in the regulation of hepatic glucose and lipid metabolism, with dysregulated lncRNA expression potentially associated with T2DM pathogenesis ([@b9-ijmm-43-01-0345],[@b10-ijmm-43-01-0345]). One particular lncRNA, maternally expressed gene 3 (MEG3), is an imprinted gene belonging to the imprinted delta like non-canonical notch ligand 1 (DLK1)-MEG3 locus located on human chromosome 14q32.3 ([@b11-ijmm-43-01-0345]). In mice, MEG3 is referred to as gene trap locus 2 and is located on distal chromosome 12 ([@b11-ijmm-43-01-0345]). MEG3 has been implicated as a putative tumour suppressor due to the loss of MEG3 expression in a range of cancer types, and its ability to inhibit tumour cell proliferation ([@b11-ijmm-43-01-0345]). Our previous study demonstrated that MEG3 overexpression significantly enhanced hepatic insulin resistance via increased forkhead box protein O1 (FoxO1) expression ([@b5-ijmm-43-01-0345]), which is a key transcription factor in regulating hepatic gluconeogenesis ([@b12-ijmm-43-01-0345]). However, the mechanisms by which MEG3 increases FoxO1 expression remain unclear.

lncRNAs may serve as competing endogenous RNAs (ceRNAs) that either segregate or competitively bind microRNAs (miRNAs) to regulate target mRNA expression ([@b13-ijmm-43-01-0345]). miRNAs are a class of small RNA molecules measuring 18-24 nucleotides that regulate gene expression post-transcriptionally via mRNA destabilization or translational repression ([@b14-ijmm-43-01-0345]). Fan *et al* ([@b15-ijmm-43-01-0345]) revealed that miR-214 is a direct target of MEG3. An additional study demonstrated that miR-214 suppressed gluconeogenesis by targeting activating transcription factor 4 (ATF4), a potential coactivator of FoxO1 in the regulation of gluconeogenesis ([@b16-ijmm-43-01-0345]). Li *et al* ([@b17-ijmm-43-01-0345]) stated that ATF4 deficient (ATF4^−/−^) mice exhibited decreased levels of fasting blood glucose compared with the wild-type (ATF4^+/+^) mice and that ATF4 served a role in high- carbohydrate diet-induced insulin resistance.

Increased FoxO1 activity resulted in hyperglycaemia- associated insulin resistance by promoting the transcription of two key gluconeogenic enzymes, namely glucose-6-phosphatase catalytic subunit (G6pc) and phosphoenolpyruvate carboxykinase (Pepck) ([@b18-ijmm-43-01-0345],[@b19-ijmm-43-01-0345]). G6pc and Pepck are rate-limiting enzymes that are highly upregulated during fasting, but suppressed in the fed state and by insulin ([@b5-ijmm-43-01-0345]). Based on these aforementioned studies, we hypothesized that MEG3 serves as a ceRNA of miR-214 to facilitate ATF4 expression, resulting in the promotion of FoxO1 expression and its downstream gluconeogenic enzymes G6pc and Pepck, thereby increasing gluconeogenesis and promoting insulin resistance. To address this, the present study evaluated the expression of MEG3, miR-214 and ATF4 in ob/ob and high-fat diet (HFD)-fed mice using reverse transcription quantitative polymerase chain reaction (RT-qPCR) and western blot analysis. Leptin-deficient ob/ob mice are overweight, develop insulin resistance, and serve as a model for T2DM. Furthermore, their interactions were examined using the luciferase reporter assay and their effects on insulin resistance in T2DM were also investigated. The results of the present study demonstrated that MEG3 promoted hepatic insulin resistance by serving as a ceRNA of miR-214 to facilitate ATF4 expression.

Materials and methods
=====================

Animals and treatment
---------------------

Male C57BL/6 (3-5-week-old) leptin-deficient ob/ob (T2DM model), and control mice (8 weeks) were obtained from Jackson Laboratory (Bar Harbor, ME, USA). All animals were housed under controlled temperatures (25±1°C) and humidity (50%), with 12 h light-dark cycles and *ad libitum* access to food and water. All animal experiments were approved by the Ethics Committees of the First Affiliated Hospital of University of Science and Technology of China (Hefei, China). All experimental procedures were performed in strict accordance with the Institutional Animal Care and Use Committees of Anhui Provincial Hospital and the First Affiliated Hospital of University of Science and Technology of China.

To induce insulin resistance, four-week-old male C57BL/6 mice were fed an HFD (containing 45 kcal% fat; cat. no., D12451; Research Diets; New Brunswick, NJ, USA) or low-fat diet (LFD; containing 10 kcal% fat) for 8 weeks. Next, liver tissues were isolated and examined for the expression of MEG3, miR-214, and ATF4 using RT-qPCR and western blot analysis. HFD-fed male C57BL/6 mice also received an 800 *µ*l injection of the small interfering (si)-MEG3 fragment (si-MEG), described subsequently, in PBS (100 *µ*g/ml) via the tail vein twice a week for 10 weeks. At week 10, glucose tolerance tests (GTTs) and insulin tolerance tests (ITTs) were performed. A summary of the experimental model is presented in [Fig. 1](#f1-ijmm-43-01-0345){ref-type="fig"}.

GTTs and ITTs
-------------

For GTTs, mice received an intraperitoneal (IP) injection of D-glucose (2 g/kg) following overnight fasting, as described previously ([@b20-ijmm-43-01-0345]). For ITTs, mice received an IP injection of 0.75 units/kg insulin, and insulin levels were measured via a radioimmunoassay (RIA) using an ultrasensitive rat insulin RIA kit (100% cross-reactivity with mouse insulin; Linco; EMD Millipore, Billerica, MA, USA) following 4 h of fasting. Blood glucose levels were measured using a Bayer Glucometer Elite monitor (Bayer AG, Leverkusen, Germany).

Plasmid construction and cell transfection
------------------------------------------

To overexpress MEG3 or ATF4, the full-length MEG3 or ATF4 cDNA fragments (20 ng; Shanghai GenePharma Co., Ltd., Shanghai, China) were cloned into the pcDNA 3.1 plasmid (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA), generating pcDNA3.1-MEG3 or pcDNA3.1-ATF4 plasmids. An empty pcDNA3.1 vector was used as the control. Primary hepatocytes were transfected with these constructs using Lipofectamine^®^ 2000 (Invitrogen; Thermo Fisher Scientific, Inc.), following the manufacturer's protocol. To knock down MEG3 expression, small interfering RNA si-MEG3 (5′-AUU GGA GGU GAG GAA GGA AAG CAG C-3′) was designed and synthesized by Shanghai GenePharma Co., Ltd. A scramble siRNA (5′-UUC UCC GAA CGU GUC ACG UTT-3′) was used as the negative control (si-Ctrl). Primary hepatocytes were transfected with 50 nM siRNAs using Lipofectamine^®^ 2000, according to the manufacturer's protocol.

The miRNA double-stranded mimics for miR-214 or miR-214 inhibitors were purchased from Shanghai GenePharma Co., Ltd. When cells grew to 80-90% confluence, miR-214 mimics (sequence: 5′-ACA GCA GGC ACA GAC AGG CAG U-3′) were transfected into primary mouse hepatocytes using Lipofectamine™ RNAiMAX Transfection Reagent (Invitrogen; Thermo Fisher Scientific, Inc.) in 12-well plates at a dose of 0.5 ng/well.

Following transfection for 48 h, primary hepatocytes were harvested for RT-qPCR analysis to examine the knockdown or overexpression efficiency.

Isolation and culture of mouse primary hepatocytes
--------------------------------------------------

Hepatocytes were isolated from male C57BL/6 mice using the two-step collagenase perfusion method, as previously described ([@b21-ijmm-43-01-0345]). Isolated hepatocytes were cultured for 5 days in medium 199 (Gibco; Thermo Fisher Scientific, Inc.), as previously described ([@b22-ijmm-43-01-0345]). Prior to all experiments, hepatocytes were serum starved for 5 h. Cells were stimulated with either 0.5 mM palmitate (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) or transfected with the DNA plasmids.

RNA extraction and RT-qPCR
--------------------------

RT-qPCR was used to detect the relative expression of MEG3, miR-214, ATF4, FoxO1, G6pc and Pepck in mouse liver tissues or primary mouse hepatocytes, as described in our previous study ([@b5-ijmm-43-01-0345]). In brief, total RNA was extracted from liver tissues or primary hepa-tocytes using TRIzol^®^ reagent (Thermo Fisher Scientific, Inc.) according to the manufacturer's protocol. Total RNA was then reverse transcribed using the iScript kit (Bio-Rad Laboratories, Inc., Hercules, CA, USA), and qPCR reactions were performed on the CFX96™ real-time PCR detection system (Bio-Rad Laboratories, Inc.) using Power SYBR-Green RT-qPCR reagents. PCR assays were performed using a TaqMan Master Mix (Applied Biosystems; Thermo Fisher Scientific, Inc.). The primers used were as follows: MEG3 forward (F), 5′-CTG CCC ATC TAC ACC TCA CG-3′; reverse (R), 5′-CTC TCC GCC GTC TGC GCT AGG GGC T-3′; miR-214 F, 5′-GCA CAG CAG GCA CAG ACA-3′; miR-214 R, 5′-CAG AGC AGG GTC AGC GGT A-3′; ATF4 F, 5′-CCT GAA CAG CGA AGT GTT GG-3′; ATF4 R, 5′-TGG AGA ACC CAT GAG GTT TCA A-3′; FoxO1 F, 5′-AAG AGG CTC ACC CTG TCG C-3′; FoxO1 R, 5′-GCA TCC ACC AAG AAC TTT TCC-3′; G6pc F, 5′-GTG CAG CTG AAC GTC TGT CTG TC-3′; G6pc R, 5′-TCC GGA GGC TGG CAT TGT A-3′; Pepck F, 5′-CTT CTC TGC CAA GGT CAT CC-3′; Pepck R, 5′-TTT TGG GGA TGG GCA C-3′; GAPDH F, 5′-ACC ACA GTC CAT GCC ATC AC-3′; GAPDH R, 5′-TCC ACC ACC CTG TTG CTG TA-3′; 18S F, 5′-AGG GTT CGA TTC CGG AGA GG-3′; 18S R, 5′-CAA CTT TAA TAT ACG CTA T TG G-3′. The thermocycling conditions used were as follows: Initial denaturation at 95°C for 3 min; followed by 40 cycles of denaturation at 95°C for 5 sec, annealing at 60°C for 30 sec and extension at 72°C for 30 sec, and a final extension of 72°C for 5 min. The relative expression levels of miR-214 and MEG-3 were normalized to 18S, while ATF4, FoxO1, G6pc and Pepck were normalized to GAPDH expression. The 2^−ΔΔCq^ method was used to detect mRNA expression levels ([@b23-ijmm-43-01-0345]).

Western blot analysis
---------------------

Western blot analysis was used to detect ATF4, FoxO1, G6pc and Pepck protein expression in mouse liver tissues or primary mouse hepatocytes. Separated liver tissues or primary hepatocytes were lysed in ice-cold radioimmunoprecipitation assay lysis buffer (Beyotime Institute of Biotechnology, Haimen, China), supplemented with protease inhibitors, for 60 min to extract total liver or cell proteins. Protein concentrations were quantified using a Bio-Rad protein assay with a Bio-Rad Protein assay kit (Bio-Rad Laboratories, Inc., Hercules, CA, USA). Following centrifugation at 12,000 x g for 5 min at 4°C, an equal amount (20 *µ*g/lane) of protein from each lysate was separated by 10% SDS-PAGE and transferred onto polyvinylidene fluoride (PVDF) membranes (Bio-Rad Laboratories, Inc.). The PVDF membranes were then blocked with 5% fat-free milk for 1 h at room temperature and sequentially incubated at 4°C overnight with the corresponding primary antibodies against ATF4 (1:1,000; cat. no. ab23760; Abcam, Cambridge, MA, USA), FoxO1 (1:1,000; cat. no. ab39670; Abcam), Pepck (1:200; cat. no. sc-377027; Santa Cruz Biotechnology, Inc., Dallas, TX, USA), and G6pc (1:1,000; cat. no. TA334651; OriGene Technologies, Inc., Rockville, MD, USA). Subsequent to washing three times with TBS + 0.1% Tween, the membranes were then incubated at room temperature with appropriate horseradish peroxidase-coupled secondary antibody (1:1,000; cat. no. NA931-1ML; GE Healthcare, Chicago, IL, USA) for 1 h. Blots were developed using an enhanced chemiluminescence kit (Pierce; Thermo Fisher Scientific, Inc.) and band intensity was quantified with Quantity One software (4.62 version; Bio-Rad Laboratories, Inc.). β-actin served as a loading control.

Luciferase activity assay
-------------------------

The luciferase activity assay was performed as previously described ([@b13-ijmm-43-01-0345]), with minor alterations. Fragments of MEG3 and the 3′-untranslated region (UTR) of ATF4, containing the predicted wild-type (Wt) or mutated (Mut) binding sites of miR-214, were amplified from mouse genomic DNA by PCR using DreamTaq DNA Polymerase (Thermo Fisher Scientific, Inc.). The primers were as follows: ATF4-Wt 3′UTR construct primer F, 5′-CCA GAA TTC GTA GTC AGG TGC TTT GTG-3′; ATF4-Wt 3′UTR construct primer R, 5′-CCA CTC GAG AAC ATC ACT TTC ATG GA-3′; ATF4-Mut primer F, 5′-AGT CTT GTG TTG CTG TGT TTG CTG TAA TAA ATT ATT TTG TAG T-3′; ATF4-Mut primer R, 5′-ACT ACA AAA TAA TTT ATT ACA GCA AAC ACA GCA ACA CAA GAC T-3′; MEG3 construct primer F, 5′-CCA GAA TTC AGG ATG GCA AAG GAT GAA-3′; MEG3 construct primer R, 5′-CCA CTC GAG TTT AGG GAG GTG TCG GTG-3′; MEG3 Mut primer F, 5′-CTT CTT GAA AGG CCT GTC TAC ACT TGC TGT CTT CCT TCC TCA CCT CCA ATT TCC TC-3′; and MEG3 Mut primer R, 5′-GAG GAA ATT GGA GGT GAG GAA GGA AGA CAG CAA GTG TAG ACA GGC CTT TCA AGA AG-3′. The thermocycling conditions used were as follows: Initial denaturation at 95°C for 2 min, followed by 40 cycles of denaturation at 95°C for 30 sec, annealing at 60°C for 30 sec and extension at 72°C for 1 min, and a final extension at 72°C for 5 min. The PCR products were then cloned into a pMIR-REPORT lucif-erase reporter vector (Ambion; Thermo Fisher Scientific, Inc.). The constructs were termed MEG3-Wt, MEG3-Mut, ATF4-Wt and ATF4-Mut constructs. The corresponding mutants were generated using a QuikChange Site Directed Mutagenesis kit (Agilent Technologies, Inc., Santa Clara, CA, USA). For the luciferase reporter assay, 293 cells were co-transfected with 200 ng luciferase reporter vector constructs, 25 ng pRL-TK (expressing *Renilla* luciferase as the internal control), and 20 *µ*M miR-214 mimic or miR-negative control (NC), using Lipofectamine^®^ 2000. A Dual-Luciferase Reporter assay kit (Promega Corporation, Madison, WI, USA) was applied to analyse luciferase activity at 24 h post-transfection.

Statistical analysis
--------------------

All statistical analyses were performed using the SPSS statistical software package standard version 16.0 (SPSS, Inc., Chicago, IL, USA). The data are presented as the mean ± standard deviation from three independent experiments. Unpaired Student's t-tests were used to analyse differences between two groups. A one-way analysis of variance followed by Tukey's post hoc test was used to analyse differences among multiple groups. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

MEG3, miR-214 and ATF4 expression in HFD-fed and ob/ob mice
-----------------------------------------------------------

As demonstrated in [Fig. 2A and B](#f2-ijmm-43-01-0345){ref-type="fig"}, HFD-fed mice exhibited increased MEG3 expression and decreased miR-214 expression in liver tissues compared with LFD-fed mice. Furthermore, ATF4 mRNA and protein expression levels in the liver tissues were significantly increased in HFD-fed compared to LFD-fed mice. The expression patterns of MEG-3, miR-214 and ATF4 in the liver tissues of ob/ob mice, a model of severe obesity, insulin resistance and T2DM caused by leptin deficiency, was consistent with those in HFD-fed mice ([Fig. 2C and D](#f2-ijmm-43-01-0345){ref-type="fig"}). Together, HFD-fed and ob/ob mice exhibited upregulated MEG3 and ATF4 expression, but downregulated miR-214 expression compared with the LFD-fed mice and control mice, respectively.

Palmitate time-dependently increases MEG3 and ATF4 but decreases miR-214 expression
-----------------------------------------------------------------------------------

Saturated fatty acid (SFA) has been indicated to induce a proinflammatory response associated with obesity, T2DM, insulin resistance and dyslipidaemia ([@b24-ijmm-43-01-0345],[@b25-ijmm-43-01-0345]). Accordingly, the present study investigated the *in vitro* effects of palmitate, a major SFA in plasma, on MEG3, ATF4 and miR-214 expression in mouse primary hepatocytes. The results revealed that palmitate treatment time-dependently increased MEG3, but decreased miR-214 expression in hepatocytes ([Fig. 3A and B](#f3-ijmm-43-01-0345){ref-type="fig"}). Furthermore, palmitate significantly increased ATF4 mRNA and protein expression levels ([Fig. 3C and D](#f3-ijmm-43-01-0345){ref-type="fig"}).

MEG3 serves as a ceRNA of miR-214 to facilitate ATF4 expression
---------------------------------------------------------------

To investigate the effects of MEG3 expression on miR-214 and ATF4 expression, MEG3 was overexpressed or silenced by transfecting hepatocytes with pcDNA3.1-MEG3 or si-MEG3, respectively. The overexpression and knockdown efficiency of MEG3 was confirmed by RT-qPCR ([Fig. 4A](#f4-ijmm-43-01-0345){ref-type="fig"}). MEG3 overexpression significantly decreased relative miR-214 expression, but markedly increased ATF4 mRNA and protein expression. By contrast, MEG3 knockdown exerted the opposite effects on miR-214 and ATF4 expression ([Fig. 4B-D](#f4-ijmm-43-01-0345){ref-type="fig"}). Next, the effects of miR-214 expression on MEG3 and ATF4 expression were assessed. The overexpression and knockdown efficiency of miR-214 was also confirmed by RT-qPCR ([Fig. 4E](#f4-ijmm-43-01-0345){ref-type="fig"}). Compared with their corresponding controls, hepatocytes transfected with the miR-214 mimic demonstrated significantly decreased MEG3 and ATF4 expression, whereas miR-214 inhibitor-transfected hepatocytes exhibited markedly increased MEG3 and ATF4 expression ([Fig. 4F--H](#f4-ijmm-43-01-0345){ref-type="fig"}).

It is well-established that lncRNAs may function as ceRNA by competitively binding miRNAs. Accordingly, whether MEG3 functioned similarly in regulating miR-214 was explored. Compared with the corresponding controls, miR-214 mimics significantly decreased ATF4 mRNA and protein expression, whereas MEG3 overexpression markedly increased ATF4 mRNA and protein expression levels. Furthermore, the simultaneous overexpression of miR-214 and MEG3 significantly decreased MEG3-mediated upregulation of ATF4 mRNA and protein expression ([Fig. 5A and B](#f5-ijmm-43-01-0345){ref-type="fig"}). In addition, the results of the luciferase reporter assay indicated that the miR-214 mimic caused a marked decrease in luciferase activity in the MEG3-Wt reporter group compared with the miR-NC group. By contrast, the miR-214 mimic exhibited no obvious effect on luciferase activity in the MEG3-Mut reporter group, verifying the direct binding between MEG3 and miR-214 ([Fig. 5C](#f5-ijmm-43-01-0345){ref-type="fig"}). In addition, decreased luciferase activity in 293 cells co-transfected with WT ATF4 3′UTR luciferase reporter plasmids and miR-214 mimics ([Fig. 5D](#f5-ijmm-43-01-0345){ref-type="fig"}) was observed, suggesting the 3′UTR of ATF4 is directly targeted by miR-214. Collectively, these results indicate that MEG3 serves as a ceRNA of miR-214 to facilitate ATF4 expression.

miR-214 inhibition and ATF4 overexpression reverse the MEG3 knockdown-mediated decrease in FoxO1, G6pc and Pepck expression
---------------------------------------------------------------------------------------------------------------------------

FoxO1 serves an important role in retinoid metabolism within hepatic gluconeogenesis. FoxO1 is also a critical regulator of hepatic glucose and lipid metabolism via its ability to drive the transcription of two key gluconeogenic enzymes, G6pc and Pepck ([@b26-ijmm-43-01-0345]). The results from the present study revealed that palmitate significantly increased FoxO1, Pepck and G6pc protein expression in primary hepatocytes ([Fig. 6A--D](#f6-ijmm-43-01-0345){ref-type="fig"}). Furthermore, MEG3 knockdown significantly suppressed the palmitate-mediated upregulation of these 3 proteins ([Fig. 6A--D](#f6-ijmm-43-01-0345){ref-type="fig"}), indicating an attenuation of hepatocyte gluconeogenesis. By contrast, miR-214 inhibitor and ATF4 overexpression additionally induced the palmitate-mediated upregulation of FoxO1, Pepck and G6pc ([Fig. 6E--L](#f6-ijmm-43-01-0345){ref-type="fig"}). Similar results were observed for FoxO1, Pepck, and G6pc mRNA expression ([Fig. 7](#f7-ijmm-43-01-0345){ref-type="fig"}). These results indicated that miR-214 inhibition and ATF4 overexpression significantly reversed the MEG3 knockdown-mediated decrease in palmitate-induced FoxO1, G6pc and Pepck protein expression.

MEG3 knockdown improves glucose and insulin tolerance in HFD-fed mice
---------------------------------------------------------------------

Next, HFD-fed male C57BL/6 mice were injected with si-MEG3 fragments via the tail vein to examine the effects of MEG3 knockdown on glucose and insulin tolerance. As indicated in [Fig. 8A](#f8-ijmm-43-01-0345){ref-type="fig"}, HFD-fed mice demonstrated significantly increased fasting blood glucose levels compared with the control LFD-fed mice. However, the treatment of HFD-fed mice with si-MEG3 substantially improved impaired glucose tolerance. Additionally, HFD-fed mice treated with si-MEG3 also improved impaired insulin tolerance ([Fig. 8B](#f8-ijmm-43-01-0345){ref-type="fig"}).

MEG3 knockdown upregulates miR-214 but downregulates ATF4 expression in HFD-fed mice
------------------------------------------------------------------------------------

Finally, the *in vivo* effects of MEG3 knockdown on miR-214 and ATF4 expression in liver tissues from HFD-fed mice were investigated. MEG3 knockdown was demonstrated to significantly down-regulate the HFD-induced expression of MEG3 ([Fig. 8C](#f8-ijmm-43-01-0345){ref-type="fig"}) and ATF4 ([Fig. 8E and F](#f8-ijmm-43-01-0345){ref-type="fig"}) in mouse liver tissues. By contrast, MEG3 knockdown fragments significantly upregulated HFD-suppressed miR-214 expression in mouse liver tissues ([Fig. 8D](#f8-ijmm-43-01-0345){ref-type="fig"}). In agreement with *in vitro* results, the *in vivo* results also indicated that MEG3 knockdown upregulated miR-214 but downregulated ATF4 expression in HFD-fed mice.

Discussion
==========

The aim of the present study was to evaluate the expression of MEG3, miR-214 and ATF4 and their interaction and effects on insulin resistance in T2DM. Leptin-deficient ob/ob mice are overweight, develop insulin resistance, and serve as a model for T2DM. Insulin resistance is a characteristic feature of T2DM. The results of the present study provided evidence that MEG-3 and ATF4 were upregulated, while miR-214 was downregulated, in the livers of HFD-fed and ob/ob mice. Furthermore, in mouse primary hepatocytes, palmitate time-dependently increased MEG3 and ATF4 expression, but decreased miR-214 expression. It was also identified that MEG3 served as a ceRNA of miR-214 to facilitate ATF4 expression. In addition, miR-214 inhibition and ATF4 overexpression reversed the MEG3 knockdown-mediated decrease in the expression of FoxO1 and FoxO1-downstream targets Pepck and G6pc. Finally, in HFD-fed mice, MEG3 knockdown substantially improved impaired glucose and insulin tolerance, while downregulating induced ATF4 expression and upregulating suppressed miR-214 expression.

MEG3, an imprinted lncRNA within the DLK1-MEG3 locus on chromosome 14q32 in humans, is expressed in a number of normal tissues ([@b27-ijmm-43-01-0345]). MEG3 has been demonstrated to serve as a tumour suppressor in several types of cancer, including glioma ([@b28-ijmm-43-01-0345]), bladder cancer ([@b29-ijmm-43-01-0345]) and colorectal cancer ([@b30-ijmm-43-01-0345]). However, the functional role of MEG3 genes in hepatic insulin resistance in T2DM is poorly understood. In our previous study, it was identified that lncRNA MEG3 upregulation enhanced hepatic insulin resistance via increased FoxO1 expression ([@b5-ijmm-43-01-0345]). In the present study, the specific mechanism by which MEG3 increased FoxO1 expression was explored.

Previous evidence has confirmed that lncRNAs may serve as ceRNA to absorb miRNAs away from target genes, and thereby alter the expression of miRNA target genes ([@b31-ijmm-43-01-0345]). Notably, MEG3 was recently demonstrated to serve as a ceRNA of certain miRNAs during the tumorigenesis of several types of cancer: For example, Qin *et al* ([@b28-ijmm-43-01-0345]) stated that MEG3 functioned as a ceRNA of miR-19a that repressed phosphatase and tensin homolog expression to inhibit glioma cell proliferation, migration and invasion. Peng *et al* ([@b32-ijmm-43-01-0345]) demonstrated that MEG3 may upregulate B-cell lymphoma-2 via its ceRNA activity on miR-181 to regulate gastric carcinogenesis. Yan *et al* ([@b33-ijmm-43-01-0345]) identified that MEG3 served as a ceRNA and competed with programmed cell death 4 mRNA to directly bind miR-21 to regulate ischemic neuronal death. MEG3 also positively regulated the expression of sex-determining region Y-box7 by functioning as a ceRNA of miR-21-5p to regulate cisplatin resistance in non-small cell lung cancer ([@b13-ijmm-43-01-0345]). The present study attempted to investigate whether MEG3 may also function as a ceRNA to regulate FoxO1 expression.

miR-214 was recently identified as a direct target of MEG3 ([@b15-ijmm-43-01-0345]). Li *et al* ([@b16-ijmm-43-01-0345]) revealed that the expression of miR-214 was downregulated in the livers of fasting and HFD-induced diabetic mice, which was consistent with the results of the present study. That study also suggested that miR-214 suppressed gluconeogenesis by targeting ATF4, which regulates gluconeogenesis by affecting FoxO1 transcriptional activity ([@b16-ijmm-43-01-0345]). ATF4 serves a role in high-carbohydrate diet-induced insulin resistance ([@b17-ijmm-43-01-0345]). Notably, the present study provided evidence of a novel MEG3/miR-214/ATF4 axis: MEG3 was identified to serve as a ceRNA of miR-214 to facilitate ATF4 expression.

Abnormally elevated hepatic gluconeogenesis is largely responsible for the overproduction of glucose in patients with T2DM ([@b16-ijmm-43-01-0345]). Insulin represses hepatic gluconeogenesis by suppressing the transcriptional activity of FoxO1 via protein kinase B phosphorylation-mediated protein degradation ([@b34-ijmm-43-01-0345]). Increased FoxO1 activity leads to hyperglycaemia and increased cellular production of hepatic glucose, which is associated with insulin resistance ([@b18-ijmm-43-01-0345]). FoxO1 is a key regulator of hepatic gluconeogenesis that drives G6pc and Pepck mRNA transcription ([@b26-ijmm-43-01-0345]). The results from the present study from mouse primary hepatocytes indicated that MEG3 directly bound to miR-214 and suppressed its expression. ATF4 was a direct target of miR-214 and MEG3 positively regulated ATF4 expression by inhibiting miR-214. In addition, miR-214 inhibition and ATF4 overexpression reversed the MEG3 knockdown-mediated decrease in the expression of FoxO1 and FoxO1-downstream targets Pepck and G6pc. Furthermore, in HFD-fed mice, MEG3 knockdown led to substantial improvements in impaired glucose and insulin tolerance, while downregulating HFD-induced ATF4 expression and upregulating HFD-suppressed miR-214 expression. Collectively, the results from the present study indicated that MEG3 functioned as a ceRNA of miR-214 to upregulate ATF4 expression, leading to the promotion of FoxO1 expression and its downstream gluconeogenic enzymes, G6pc and Pepck. This, in turn, increased gluconeogenesis and promoted insulin resistance ([Fig. 9](#f9-ijmm-43-01-0345){ref-type="fig"}).

In conclusion, the data from the present study demonstrate that MEG3 promoted hepatic insulin resistance by serving as a ceRNA of miR-214 to facilitate ATF4 expression. These results provide insight into the molecular mechanism of MEG3 involvement in the development of T2DM.
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![Summary of the experimental animal model. Mice in the HFD group were fed HFD for 8 weeks from weeks 0-8 to induce insulin resistance. Mice in the HFD group also received an injection of the si-MEG3 fragment via the tail vein twice a week for 10 weeks from weeks 0-10. In parallel experiments, mice in the LFD group were fed LFD for 10 weeks from weeks 0-10. At week 10, GTTs and ITTs were performed. The relative expression of MEG3, miR-214, and ATF4 in mouse liver tissues was evaluated by reverse transcription-quantitative polymerase chain reaction. ATF4 expression in mouse liver tissues was measured by western blotting. LFD, low-fat diet; HFD, high-fat diet; si, small interfering RNA; ctrl, control; MEG3, maternally expressed gene 3; GTTs, glucose tolerance tests; ITTs, insulin tolerance tests.](IJMM-43-01-0345-g00){#f1-ijmm-43-01-0345}

![HFD-fed and ob/ob mice demonstrate upregulated MEG3 and ATF4, downregulated miR-214. (A) Compared with LFD-fed mice, RT-qPCR results indicated that MEG3 and ATF4 mRNA expression were upregulated, while miR-214 expression was downregulated, in liver tissues from HFD-fed mice. (B) Western blot analysis revealed that ATF4 protein expression in the liver tissues from HFD-fed mice was upregulated compared with LFD-fed mice. (C) Compared with the control mice, RT-qPCR results demonstrated that MEG3 and ATF4 mRNA expression was upregulated, while miR-214 expression was downregulated, in liver tissues from ob/ob mice. (D) Western blot analysis revealed that ATF4 protein expression in liver tissues from ob/ob mice was upregulated compared with control mice. β-actin served as the loading control in western blots. N=10 for each group. ^\*^P\<0.05 vs*.* the HFD or control groups. LFD, low-fat diet; HFD, high-fat diet; miR, microRNA; MEG3, maternally expressed gene 3; ATF4, activating transcription factor 4; RT-qPCR, reverse transcription quantitative polymerase chain reaction.](IJMM-43-01-0345-g01){#f2-ijmm-43-01-0345}

![Palmitate time-dependently increases MEG3 and ATF4 but decreases miR-214 in hepatocytes. Primary hepatocytes from male C57BL/6 mice were treated with 0.5 mM palmitate for 0, 2, 4 and 10 h. Reverse transcription quantitative polymerase chain reaction results demonstrated that palmitate time-dependently increased (A) MEG3 expression and (B) ATF4 mRNA expression, but decreased (C) miR-214 expression in hepatocytes. (D) Western blot analysis indicated that palmitate time-dependently increased ATF4 protein expression in hepatocytes. β-actin served as the loading control. ^\*^P\<0.05 vs*.* 0 h group. miR, microRNA; MEG3, maternally expressed gene 3; ATF4, activating transcription factor 4.](IJMM-43-01-0345-g02){#f3-ijmm-43-01-0345}

###### 

Effect of MEG3 and miR-214 overexpression and knockdown on ATF4 expression in primary hepatocytes. Mouse primary hepatocytes were transfected with either pcDNA3.1-MEG3, si-MEG3, and corresponding controls, or with miR-214 mimics/inhibitor and their controls. (A) The overexpression and knockdown efficiency of MEG3 was confirmed by RT-qPCR. RT-qPCR and western blot analysis results revealed that MEG3 overexpression significantly decreased (B) relative miR-214 expression, but markedly increased ATF4 (C) mRNA and (D) protein expression. MEG3 knockdown exerted the opposite effects. ^\*^P\<0.05 vs. NC or control groups. ^\#^P\<0.05 vs. the scramble group. MEG3, maternally expressed gene 3; ATF4, activating transcription factor 4; si, small interfering RNA. Effect of MEG3 and miR-214 overexpression and knockdown on ATF4 expression in primary hepatocytes. (E) RT-qPCR results indicated that the miR-214 mimic increased miR-214 expression, whereas the miR-214 inhibitor decreased miR-214 expression. RT-qPCR and western blot analysis results revealed that the miR-214 mimic significantly decreased (F) relative MEG3 expression, and ATF4 (G) mRNA and (H) protein expression. The miR-214 inhibitor exerted the opposite effects. β-actin served as the loading control in the western blot analyses. ^\*^P\<0.05 vs. NC or control groups. ^\#^P\<0.05 vs. the scramble group. miR, microRNA; NC, negative control.
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![miR-214 binds to MEG3 and ATF4. Primary hepatocytes were co-transfected with pcDNA3.1-MEG or control pcDNA3.1 vectors, and miR-214 mimic or NC sequences. (A) RT-qPCR and (B) western blot analysis results indicated that simultaneous overexpression of miR-214 and MEG3 significantly decreased the MEG3-mediated upregulation of ATF4 mRNA and protein expression. β-actin served as the loading control in the western blot analysis. (C) Results of the luciferase reporter assay demonstrated that the miR-214 mimic led to a marked decrease in luciferase activity in the MEG3-Wt reporter group compared with the miR-NC group. There was no marked effect on luciferase activity in the MEG3-Mut reporter group. (D) Luciferase activity in 293 cells co-transfected with Wt ATF4 3′UTR luciferase reporter plasmids and miR-214 mimics was decreased compared with that in the miR-NC group. ^\*^P\<0.05 vs. the control + NC group; ^\#^P\<0.05 vs*.* the NC+MEG3 group; ^&^P\<0.05 vs*.* the control group. MEG3, maternally expressed gene 3; ATF4, activating transcription factor 4; miR, microRNA; NC, negative control; Wt, wild-type; Mut, mutant.](IJMM-43-01-0345-g05){#f5-ijmm-43-01-0345}

![miR-214 inhibition and ATF4 overexpression reverse MEG3 knockdown-mediated decreases in FoxO1, G6pc and Pepck protein expression. Cells were transfected with the indicated plasmids, followed by treatment with 0.5 mM palmitate for 4 h. (A--D) Western blot analysis revealed that MEG3 knockdown significantly suppressed the palmitate-mediated increase in (B) FoxO1, (C) Pepck, and (D) G6pc protein expression. (E--H) By contrast, the miR-214 inhibitor additionally induced the palmitate-mediated increase in (F) FoxO1, (G) Pepck and (H) G6pc protein expression. (I--L) ATF4 overexpression also induced the palmitate-mediated increase in (J) FoxO1, (K) Pepck and (L) G6pc protein expression. β-tubulin served as the loading control in the western blot analyses. ^\*^P\<0.05 vs*.* group 1; ^\#^P\<0.05 vs. group 3;^\$^P\<0.05 vs*.* group 4. si, small interfering RNA; ctrl, control; MEG3, maternally expressed gene 3; miR, microRNA; FoxO1, forkhead box protein O1; Pepck, phosphoenolpyruvate carboxykinase; G6pc, glucose-6-phosphatase catalytic subunit; ATF4, activating transcription factor 4.](IJMM-43-01-0345-g06){#f6-ijmm-43-01-0345}

![miR-214 inhibition and ATF4 overexpression reverse the MEG3 knockdown-mediated decrease in FoxO1, G6pc and Pepck mRNA expression. Cells were transfected with the indicated plasmids, followed by treatment with 0.5 mM palmitate for 4 h. (A--C) RT-qPCR results revealed that MEG3 knockdown significantly suppressed the palmitate-mediated increase in (A) FoxO1, (B) Pepck, and (C) G6pc mRNA expression. (D--F) By contrast, the miR-214 inhibitor induced the palmitate-mediated increase in (D) FoxO1, (E) Pepck, and (F) G6pc mRNA expression. (G--I) ATF4 overexpression also induced the palmitate-mediated increase in (G) FoxO1, (H) Pepck, and (I) G6pc mRNA expression. ^\*^P\<0.05 vs*.* group 1; ^\#^P\<0.05 vs. group 3; ^\$^P\<0.05 vs*.* group 4. miR, microRNA; ATF, activating transcription factor 4; MEG3, maternally expressed gene 3; FoxO1, forkhead box protein O1; Pepck, phosphoenolpyruvate carboxykinase; G6pc, glucose-6-phosphatase catalytic subunit; si, small interfering RNA; ctrl, control; MEG3.](IJMM-43-01-0345-g07){#f7-ijmm-43-01-0345}

![Effects of MEG3 knockdown on miR-214 and ATF4 expression, glucose tolerance and insulin tolerance in HFD-fed mice. HFD-fed male C57BL/6 received a si-MEG3 fragment injection via the tail vein twice a week for 10 weeks. At week 10, following overnight fasting, (A) GTTs and (B) ITTs were performed to analyse glucose and insulin tolerance, respectively. MEG3 knockdown improved glucose and insulin tolerance in HFD-fed mice. Liver tissues were separated and the relative mRNA expression of (C) MEG3, (D) miR-214 and (E) expression of ATF4 were examined by reverse transcription polymerase chain reaction. (F) Protein expression of ATF4 was examined by western blot analysis. MEG3 knockdown upregulated miR-214 but downregulated ATF4 expression in HFD-fed mice. β-actin served as the loading control. N=10 for each group.^\*^P\<0.05 vs*.* the LFD group; ^\#^P\<0.05 vs*.* the HFD + si-Ctrl group. MEG3, maternally expressed gene 3; miR, microRNA; ATF, activating transcription factor 4; HFD, high-fat diet; LFD, low-fat diet; si, small interfering RNA; ctrl, control; GTTs, glucose tolerance tests; ITTs, insulin tolerance tests.](IJMM-43-01-0345-g08){#f8-ijmm-43-01-0345}

![Proposed associations between target genes. Palmitate time-dependently increased MEG3 and ATF4 expression, but decreased miR-214 expression. MEG3 functioned as a competing endogenous RNA of miR-214 to upregulate ATF4 expression, leading to the promotion of FoxO1 and its downstream gluconeogenic enzymes G6pc and Pepck. This thereby increases gluconeogenesis and promotes insulin resistance. MEG3, maternally expressed gene 3; miR, microRNA; ATF4, activating transcription factor 4; FoxO1, Forkhead box protein O1; O1; Pepck, phosphoenolpyruvate carboxykinase; G6pc, glucose-6-phosphatase catalytic subunit.](IJMM-43-01-0345-g09){#f9-ijmm-43-01-0345}
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